Optical limiting performance, third-order nonlinearity
Introduction
Optical limiting devices are of interest for protection of sensors and eyes from high-intensity laser light. An ideal limiter exhibits a linear transmission below threshold, but above threshold the transmitted output power is constant. A wide range of materials that contribute to optical limiting and nonlinear absorption have been investigated. 1, 2 The optical limiting devices rely on one or more of the nonlinear optical mechanisms 3 such as excited-state absorption ͑ESA͒, two-photon absorption ͑TPA͒, thermal defocusing and scattering, photorefraction, nonlinear refraction, and induced scattering. Optical limiting performance is enhanced by coupling two or more of the nonlinear optical mechanisms such as selfdefocusing in conjunction with TPA in semiconductors 4 or TPA of one molecule with ESA in another molecule. 5 A cascaded optical limiter by use of a reverse saturable absorption ͑RSA͒ material along with CS 2 has also been reported to achieve better limiting performance. 6 Porphyrins, a class of tetrapyrrolic chromophores that possess strong ESA from both the triplet as well as the singlet states, are among the most effective optical limiters in the visible region known to date. [7] [8] [9] [10] [11] [12] [13] [14] The interest in metalloporphyrins is manyfold. These molecules were found to have strong nonlinearity and fast response times, the desired criteria for making useful photonic devices. 15 Porphyrins were also found to have strong RSA over a wide range in the visible region from 500 to 600 nm. 16 The architecture of the porphyrin macrocycles and the high -electron density, resulting in an extended electron delocalization, is relevant to the development of materials with optimum optical nonlinearity and response times. 17, 18 Since the mechanism of limiting in such materials depends on the absorption of excited molecules, it is important to characterize the excited-state dynamics and evaluate parameters such as absorption cross sections and lifetimes so as to optimize their properties for the real-ization of a functional device. Study of the optical nonlinearity and elucidation of the dynamics associated with excited states of such molecules is therefore important from a fundamental as well as a technological point of view. One way to modulate the excited-state properties would be to change the structural geometry and hence electronic structure of these macrocycles.
Structural modifications to the porphyrin ring can be expected to result in molecules with diverse photophysical and photochemical properties that would in turn affect their optical nonlinearity. This could possibly lead to a desirable change in a variety of excited-state processes including enhanced internal conversion and intersystem crossing ͑ISC͒, ion association, excitation energy transfer, and photoinduced electron transfer ͑PET͒. Such effects can be conveniently harnessed to enhance third-order nonlinearity and decrease limiting threshold compared with simple, unsubstituted porphyrins. Indeed, covalently or noncovalently bound porphyrin acceptordonor conjugates can be used in the fabrication of molecular electronic and optical devices. 19 Photoinduced electron transfer, leading to excited charge transfer states, is a well-known phenomenon in porphyrins 20 and porphyrin derivatives. 21 The tetratolylporphyrins ͑TTPs͒ synthesized by our group have high third-order nonlinearities and efforts are being made to attain large ESA cross sections through structural modifications. 22, 23 Here we report our studies of the family of a new class of phosphorus ͑V͒ tetratolylporphyrins with axial azobenzene chromophores. In these porphyrins, donoracceptor levels and a charge transfer ͑CT͒ state are introduced due to the introduction of azoarene ͑AZT ϭ 4-hydroxy, 4Ј-methyl azobenzene, AZB ϭ 4-hydroxy azobenzene, AZN ϭ 4-hydroxy, 4Ј-nitro azobenzene͒ subunits in place of H in axial ͑OH͒ Ϫ in 5,10,15,20-
. An intramolecular PET from the axial azoarene donors to the singlet excited state of the basal phosphorus ͑V͒ porphyrin is responsible for quenching of fluorescence in these complexes. 24 We observed stronger RSA in the nanosecond regime with the introduction of axial azoarene units. We also observed saturation of absorption of the S 1 states at higher fluence in the picosecond regime, whereas no such saturation of absorption behavior is observed with nanosecond pulses. The observed nonlinear absorption and the phenomenon leading to such behavior are explained by use of a self-consistent rate equation model. These results are compared with a reference porphyrin ͓͑TTP͒P V ͑OH͒ 2 ͔ ϩ without CT states.
Experimental Details
We synthesized and purified the samples according to the procedures reported in the literature. 24 Each sample was subjected to a column chromatographic purification process prior to the measurements. In all the experiments, sample solutions in chloroform were taken in 1-mm quartz cuvettes. The compounds remained stable even after exposure to laser pulses for a long period of time, which was confirmed by the identical absorption spectra recorded before and after exposure. Frequency-doubled Nd:YAG lasers with 25-ps and 6-ns pulse widths and 10-Hz repetition rate were used for the experiments. We employed standard backward degenerate four-wave mixing ͑DFWM͒ geometry 25 for the measurement of third-order optical nonlinearity
͑3͒
. We performed optical limiting studies using f͞5 test bed 26, 27 and we carried out open-aperture Z-scan 28 studies by focusing the input beam onto the sample with linear transmission of approximately 75% by use of 500-and 125-mm focal-length lenses for picosecond and nanosecond pulses, respectively. The transmitted light was collected with a fast photodiode. The peak fluences used in the Z-scan experiments with 25-ps and 6-ns pulses were approximately 0.25-1.2 and 3-4 J cm
Ϫ2
, respectively. The studies were performed at the same concentration of ϳ10 Ϫ4 M to ensure identical experimental conditions for both the picosecond and the nanosecond regimes.
Results and Discussion
The absorption spectra and molecular structures of the axial azoarene-appended phosphorus ͑V͒ porphyrins are shown in Fig. 1 . These molecules show linear absorption features typical of metalloporphyrins, with a high energy B ͑Soret͒ band and low energy Q bands. Each new molecule shows an additional moderately intense absorption band in the UV region ͑ϳ350 nm͒ that is due to the axial azoarene chromophores. This band is absent in the spectrum of ͓͑TTP͒P
The intensity dependence of the phase conjugate (PC) signal is shown in Fig. 2 . The enhancement in the DFWM signal is quite obvious with the introduction of axial azoarene subunits. The solid curve represents the fit to the cubic depen- dence of this signal with input intensity. The ratio of the signals for the conjugate beam in a nanosecond DFWM experiment for parallel and perpendicular probe polarizations dropped down by approximately one third, indicating that the nonlinearity is predominantly electronic in origin. The values of the effective microscopic second hyperpolarizability ͗␥͘ with 25-ps pulses and 6 ns for the samples are listed in Table 1 . The second hyperpolarizability of these molecules is higher than that of the reference molecule without CT states 23 ͕i.e., ͓͑TTP͒P V ͑OH͒ 2 ͔ ϩ ͖, by 1 order of magnitude in the picosecond regime and by 2 orders of magnitude in the nanosecond regime. This clearly indicates that introduction of the azoarene groups into the phosphorus porphyrin structure leads to a rise in the measured ͗␥͘ values. These findings are consistent with the fact that greater polarization emanates from electron donation or withdrawal and also that the presence of the CT states enhances the second hyperpolarizability. 29 The optical limiting curves for these molecules with 6-ns pulses are shown in Fig. 3 for a linear transmittance of 75%. The limiting threshold is reduced in azoarene-appended porphyrins by a factor of 2 as can be seen from the threshold values I 1͞2 listed in Table  1 . The throughputs of these molecules are limited to . Figure 4 shows the optical limiting curves for one of the representative azoarene molecules ͓͑TTP͒P V ͑AZT͒ 2 ͔ ϩ at 80%, 60%, and 40% linear transmittance. The clamping levels can be seen to reduce linearly with an increase in groundstate absorption. PET from the excited state of conjugated polymers onto C 60 is well known, leading to enhanced nonlinearity and optical limiting performance. 30 In our molecules the population from the first singlet state S 1 can relax to triplet T 1 or to ground state S 0 by means of a nonfluorescent CT state in addition to S 1 3 S 0 and S 1 3 T 1 transitions. To determine the contribution of each channel that Fig. 5 . Similar behavior was also observed for other samples. Even though saturable absorption was found in the RSA curve, there is a slight reduction in the saturable absorption within the RSA curves for these complexes compared with the ones without CT states. 23 The detailed behavior of nonlinear absorption depends on absorption cross sections, lifetimes of excited states of the material, and the laser pulse width. Saturation in absorption at high fluences based on higher ESA was reported earlier for a cadmium texaphyrin solution, 8 1,1Ј,3,3,3Ј,3Ј-hexamethylindotricarbocyanine iodide ͑HITCl͒ 31 and in chloroaluminum phthalocyanine dye. 32 The Z-scan data with 6-ns pulses for ͓͑TTP͒P V ͑AZN͒ 2 ͔ ϩ is shown in Fig. 6 with a normalized transmittance at focus ͑T 0 ͒ of 0.431. Peak fluences used for the experiment are also shown in For our attempts to explain the results of the nanosecond and the picosecond experiments, we constructed a six-level model ͑Fig. 7͒. We developed a self-consistent theoretical analysis based on rate equations that describe the different mechanisms in the molecule and the output transmittance. We solved the rate equations numerically by using the Runge-Kutta fourth-order method. The differential equations were first decoupled and then integrated over time, length, and along the radial direction. The limits of integration for r, t, and z varied from 0 to ϱ, from Ϫϱ to ϩϱ, and from 0 to L ͑length of the sample͒, respectively. The typical number of slices used for r, t, and z were 60, 30, and 10, respectively. 33 Solid curves in Figs. 5 and 6 show the theoretical fits.
Laser light excites molecules from the ground state S 0 into the vibrational-rotational states in the first excited singlet state S 0 3 S 1 ͑ 1 ͒, which relaxes very rapidly ͑approximately picoseconds͒ to the lowest level of this electronic state. This level relaxes either by nonradiative decay into the CT state and from there to the first triplet state ͑ISC͒ or by both radiative and nonradiative decay within the singlet system. ESA can occur from the singlet state S 1 up to a higher singlet state S n ͑ 1 ͒ and from the triplet state up to a higher triplet state T n ͑ 2 ͒. For picosecond pulse excitation, triplet level contribution to the nonlinear absorption can be neglected because the slower ISC rate and absorption that are due to the CT states are included in the 1 cross section. Whereas with nanosecond pulses the triplet levels do play an important role. 33 In the picosecond regime only three singlet levels ͑S 0 , S 1 , and S n ͒ along with the CT level play a major role and hence the six-level model effectively becomes a four-level model. In the nanosecond regime, S 0 , S 1 , T 1 , T n and CT states including ISC from CT 3 T 1 play a dominant role. The parameters that lead to enhanced limiting performance and nonlinear absorption with nanosecond pulses and picosecond pulses, along with the parameters used for the estimation are listed in Tables 2  and 3 . Also listed are lifetimes of the higher excited singlet state and the ISC obtained from theoretical modeling. The fluence at which the saturation of excited states has started, saturation threshold ͑S th ͒, which is one of the important parameters necessary to decide the capability of a material as optical limiter, is also given in Table 2 . S th ͑0.628 -0.802 J cm Ϫ2 ͒ for the these molecules was found to be larger than that for ͓͑TTP͒P ϩ ͑Table 3͒. The enhancement in 1 ͞ 0 and 2 ͞ 0 that is due to the presence of an additional CT state can be clearly seen compared with the reference porphyrin. The values of 1 ͞ 0 and 2 ͞ 0 for these porphyrins was found to be higher than some of the earlier reported molecules and comparable to some of the earlier reports. 8 -10,14,34 The ex ͞ 0 for C 60 and C 70 solutions were reported as 2.865 and 2.062, respectively. 35 The presence of a CT state and internal conversion from a CT state to singlet S 0 and ISC from CT to triplet T 1 play a significant role in enhanced RSA in the nanosecond regime. In the picosecond regime, since population from S 1 can relax faster to S 0 by means of CT states, the saturation of ESA in the S 1 3 S n transition, which leads to saturable absorption in RSA at higher intensities, is also reduced considerably when we increase S th .
Conclusions
Enhancement of the optical limiting performance and nonlinear absorption has been achieved for the investigated phosphorus ͑V͒ porphyrins that are due to the contribution of a nonfluorescent CT state and by an increase in the intersystem crossing to triplet, which, in turn, enhanced the excited-state absorption from T 1 3 T n . The ͗␥͘ for these molecules increased by 1 order of magnitude in the picosecond regime and by 2 orders of magnitude in the nanosecond regime. The RSA increased considerably in the nanosecond regime, whereas in the picosecond regime the saturation of ESA decreased considerably in addition to enhanced RSA. These molecules with charge transfer states from axial ligands can easily be doped into polymers to increase stability and hence are promising materials for optical limiting purposes. 
